. Purpose: This study aimed to determine if replacing time spent in high-and low-impact physical activity (PA) predicts changes in pediatric bone mineral density (BMD) and content (BMC). Methods: We analyzed data from the longitudinal Bone Mineral Density in Childhood Study (N = 2337 with up to seven visits). The participants were age 5-19 yr at baseline, 51.2% were female, and 80.6% were nonblack. Spine, total hip, and femoral neck areal BMD and total body less head (TBLH) BMC Z-scores were calculated. Hours per day spent in high-and low-impact PA were selfreported. Standard covariate-adjusted (partition model) and time allocation-sensitive isotemporal substitution modeling frameworks were applied to linear mixed models. Statistical interactions with sex, self-reported ancestry, age, and bone fragility genetic scores (percentage of areal BMD-lowering alleles carried) were tested. Results: In standard models, high-impact PA was positively associated with bone Z-score at all four skeletal sites (e.g., TBLH-BMC Z-score: beta = 0.05, P = 2.0 Â 10 j22 ), whereas low-impact PA was not associated with any of the bone Z-scores. In isotemporal substitution models, replacing 1 hId j1 of low-for high-impact PA was associated with higher bone Z-scores (e.g., TBLH-BMC Z-score: beta = 0.06, P = 2.9 Â 10 j15 ). Conversely, replacing 1 hId j1 of high-for low-impact PA was associated with lower bone Z-scores (e.g., TBLH-BMC Z-score: beta = j0.06, P = 2.9 Â 10 j15 ). The substitution associations were similar for each sex and ancestry group, and for those with higher and lower genetic scores for bone fragility (P-interactions 9 0.05), but increased in strength among the older adolescents (P-age interactions G 0.05). Conclusions: Time-sensitive models suggest that replacing low-impact PA for high-impact PA would be beneficial for the growing skeleton in the majority of children.
O steoporosis causes fracture, morbidity, and early mortality, especially for women (1) . Enhancing bone accrual in early life to optimize peak bone mass is one key strategy that can help toward preventing osteoporosis (2) . Promoting high-impact physical activity in childhood is considered particularly effective for enhancing bone accretion (3) (4) (5) (6) (7) (8) (9) (10) , with prepuberty and early puberty considered a particularly important period to derive the bone-related benefits of physical activity (4, 6) . However, the current physical activity guidelines for American youth do not specify the proportion of time children should engage in higher-impact, weight-bearing activities that are most beneficial to the developing skeleton; only that muscle and bone-strengthening activities should be performed 3 dIwk j1 (11) . Furthermore, genetic factors are known to play a role in bone density and osteoporosis risk (12) , but it is not known if such susceptibility affects the effectiveness of physical activity as a preventive measure. In this context, established variants near genes involved in WNT signaling are of particular interest given the known role of this biological pathway in mechanosensation (13, 14) .
Epidemiological studies focusing on physical activity and pediatric areal bone mineral density (aBMD) have thus far neglected to consider how time is allocated. The 60 minId j1 of moderate-to-vigorous physical activity (MVPA) recommendation could be achieved by engaging in 60 min of lowimpact, non-weight-bearing physical activities (e.g., swimming and biking), or in 60 min of high-impact, weight-bearing physical activities (e.g., tennis and basketball), or by through multiple combinations of both (e.g., 30 min of each). Testing if the allocation of time spent in low-and high-impact physical activity associates with aBMD outcomes can be achieved using isotemporal modeling (15) . Indeed, this method has been applied to test statistically how substituting time spent in physical activity, sedentary behavior, and sleep might affect cardiometabolic health outcomes (16, 17) , but it has not yet been applied to the study of high-and low-impact physical activity substitution in the context of pediatric bone health. This modeling approach is highly suitable for simulating the effect of low-impact physical activity being displaced by high-impact physical activity in an equal time exchange.
Using data from children of European ancestry in the Bone Mineral Density in Childhood Study (BMDCS), we previously reported using standard modeling (that did not account for time allocation) that high-impact, weight-bearing physical activity was associated with higher aBMD Z-scores, and that the associations held even for those genetically predisposed to bone fragility (as defined by a genetic score that comprises all known bone fragility variants) (18) . Low-impact physical activity was not associated with bone Z-scores using standard modeling (18) . In the present study, we applied isotemporal substitution modeling to predict how replacing time spent in high-versus low-impact physical activity associated with aBMD Z-scores. We hypothesized that replacing low-for highand replacing high-for low-impact physical activity through statistical modeling would be associated with higher and lower bone Z-scores, respectively. We also tested if the high-versus low-impact physical activity replacement associations were modified by sex, self-reported ancestry and age, pubertal stage, and genetic susceptibility to bone fragility, as defined by either an overall genetic score or WNT signaling pathway-specific genetic scores.
METHODS
Study sample. The BMDCS participants were enrolled at one of five sites: Los Angeles, CA; Cincinnati, OH; Omaha, NE; Philadelphia, PA; and New York, NY (19) . The participants were recruited in 2002-2003, when they were 6-18 yr old, and were followed up annually over 6 yr until 2008-2009 (19) . In 2006-2007, the study was extended to include 5-and 19-yr-olds, who were followed up annually over 2 yr until 2008-2009. Blood or saliva was collected at the final visit (2008) (2009) ) for the purpose of extracting and genotyping DNA. As part of the DNA collection effort, the sample was expanded to include additional cross-sectional cohorts of children recruited at the Cincinnati and Omaha sites. A description of the inclusion and exclusion criteria has been provided previously (18) . The parents/guardians provided written informed consent for participants younger than 18 yr, and these participants provided assent. The participants older than 18 yr provided written informed consent. Institutional review boards at each study site approved the BMDCS protocol.
Bone Z-score outcomes. Participants had their whole body, lumbar spine, and proximal femur scanned by dualenergy x-ray absorptiometry (DXA) annually. All scans were obtained from Hologic, Inc. densitometers (Bedford, MA: QDR4500A, QDR4500W, Delphi A and Apex models) and were centrally analyzed at the University of California, San Francisco_s DXA Core Laboratory. The scans were adjusted for machine differences and longitudinal drift. A set of phantoms was circulated to all sites and was used to cross-calibrate DXA devices. One site was selected as the reference site, and DXA values from all other sites were adjusted to align with the reference site according to the phantom measurements. Longitudinal drift in each DXA device was monitored by examination of longitudinal phantom scans and technical service reports. The CUSUM procedure in SAS was applied to identify adjustments to account for drift or changes in machine performance. We included the following aBMD and bone mineral content (BMC) bone Z-scores in our study: spine aBMD, total hip aBMD, femoral neck aBMD, and total body less head (TBLH) BMC. These bone Z-scores were calculated, with adjustment for height, to account for increases and sex differences in aBMD/BMC during growth, using the BMDCS reference values (19, 20) . We used aBMD estimates for the three individual sites because aBMD is less size dependent because it accounts for bone area in square centimeters. For whole body scans, we used BMC adjusted for height Z-scores because the depth and composition of bone throughout the body are variable (e.g., ribs vs femurs are quite different in cortical bone thickness, resulting in quite different densities) and whole body aBMD is an average of these many types of bone.
Physical activity exposures. We used a modified version of the Slemenda questionnaire to estimate hours per day leisure time physical activity levels (21) . The approach we used has been reported previously (18) . In brief, we estimated total leisure time physical activity, as well as time spent in high-impact physical activities and low-impact physical activities. The high-impact physical activity estimate includes time spent in weight-bearing physical activities with a ground reaction force greater than 2Â body weight involving sprinting, turning, or jumping actions (22) , whereas the low-impact physical activity estimate includes non-weight-bearing physical activities or weight-bearing physical activities with a ground reaction force of 1-2Â body weight (22) . Note, the majority of physical activities included in the questionnaire would require at least moderate-intensity aerobic effort to complete (93 metabolic equivalents). The high-and low-impact physical activities are listed in Supplementary Table 1 (see Table, Supplemental Digital Content 1, Physical activity impact assignment, http:// links.lww.com/MSS/B137).
Genetic scores. Extracted DNA was genome-wide genotyped for common variants, using the Illumina Infiniumi II OMNI Express plus Exome BeadChip (Illumina, San Diego, CA) (23) . We included 63 common variants near known adult bone mass loci (12, (24) (25) (26) . Using these variants, we calculated the percentage of aBMD-lowering alleles carried (27) . We also restricted the list of variants to loci near genes with known involvement in the WNT signaling pathway (18 variants) (12) to calculate a WNT-specific score (Supplementary Table 1) . Furthermore, because some of the 18 WNT signaling pathwayrelated variants are near genes that promote WNT signaling and others near genes that inhibit WNT signaling, we also calculated separate WNT-promotion and WNT-inhibition genetic scores (see Table, Supplemental Digital Content 2, Variants used for genetic score calculations, http://links.lww. com/MSS/B138).
Covariates. We included the following covariates in our statistical models: age, self-reported population ancestry (black or nonblack), body mass index (BMI) Z-score, Tanner stage, and dietary calcium. BMI Z-score was calculated using US standards (28) . Pubertal stage was assessed by physicians or nurses with expertise in pediatric endocrinology; participants were categorized as prepubertal, pubertal, and postpubertal (Tanner stages I, II-IV, and V, respectively), on the basis of testicular volume in males and breast development in females. A semiquantitative food frequency questionnaire (Block Dietary Data Systems, Berkeley, CA) (29) , which included 45 food and beverage items, was used to estimate dietary calcium intake (mgId j1 ). Statistical analysis. Linear mixed-effects models, with random intercepts, were used to test for associations between time spent in high-and low-impact physical activity and bone Z-scores, to account for the correlation between the repeated measures. The between-subject variability was modeled as a random effect using the method of maximum likelihood estimation. Also, robust SE values were calculated using the Huber-White approach.
For the standard, or partition, models (model M1), highand low-impact physical activities were included in the same model, along with time constant covariates (Y, for each i individual) and time-varying covariates (Z, for each i individual and each j time point). For the isotemporal substitution models, time spent in high-impact (model M2a) and low-impact (model M2b) physical activity was included in separate models, along with total physical activity (high + low impact) and the time constant and time-varying covariates (15, 16) . The partition model physical activity beta coefficients (model M1) are the predicted changes in bone Z-score for each additional 1 h of high-impact and low-impact physical activity, adjusted for the covariates. In contrast, the isotemporal model beta coefficients are the predicted changes in bone Z-score for each additional 1 h of high-impact physical activity in place of low-impact physical activity (model M2a), or for each additional 1 h of low-impact physical activity in place of high-impact physical activity (model M2b), adjusted for the covariates.
Statistical interactions involving physical activity and key variables (X) were also tested using the isotemporal modeling framework (models M3a and M3b). Specifically, statistical interactions with sex, self-reported ancestry, age, and Tanner stage were tested to determine if low-and high-impact physical activity replacement associations with the bone Z-score outcomes were consistent for each sex and ancestry group, and across the chronological and biological age range of the sample. (Note, nonlinear age interactions were tested, but there was no statistical evidence of quadratic (physical activity-ageage) or cubic age interactions (physical activity-age-age-age) and only the linear age interaction results are presented.) Finally, among participants of European ancestry (defined using genetic ancestry markers), we tested for statistical interactions with genetic bone fragility scores. The analysis was restricted to these individuals because the variants comprising the score were discovered in genome wide association studies (GWAS) of individuals of European ancestry. The goal was to determine if low-and high-impact physical activity replacements were consistent for those genetically predisposed to, or genetically protected against, bone fragility.
with e ij ÈiIiIdIN 0; R 2 e À Á and independently u i ÈiIiIdIN 0; R 2 subj : All analyses were performed with both sexes combined and stratified by sex. The analytical sample we used in this study included 157 opposite-sex siblings and so the older sibling was removed to meet the assumption of independent observations when both sexes were analyzed together. It is likely that siblings may have similar bone health and physical activity patterns, and we opposite-sex siblings share 50% of their genetic code. We used an alpha level of 0.05 to indicate statistically significant main associations and interactions. All analyses were performed using Stata 13.0 (Stata Corp, College Station, TX).
RESULTS
Our primary sample comprised 2337 participants with up to seven annual bone Z-score estimates (Table 1) . For those in the original cohort (N = 1391), with the opportunity to complete up to seven study visits, more than 50% completed all study visits and more than 86% completed four or more study visits (see Table, Supplemental Digital Content 3, Longitudinal data patterns, http://links.lww.com/MSS/B139).
For those in the extension cohort (N = 454), with the opportunity to complete up to three study visits, 50.4% completed two or three study visits (see Table, Supplemental Digital Original cohort (6-18 yr) All models adjusted for age, race, Tanner stage, BMI Z-score, and dietary calcium. When both sexes were combined, sex was included as a covariate and the older of the opposite-sex siblings was dropped.
Content 3, Longitudinal data patterns, http://links.lww.com/ MSS/B139). The descriptive statistics for the European ancestry sample with genetic data are provided in . Male participants reported more total physical activity compared with female participants, with the difference largely due to more time engaged in high-impact physical activities (0.79 vs 0.50 hId j1 at baseline). There were no major changes in the demographics of the sample over the course of the 7-yr study period (Table 1) , but a greater percentage of female participants remained at the final study visit (55.6% at visit 7) and there was a decline in the percentage of nonblack participants remaining at the final study visit (77.3% at visit 7). The average BMI Z-score of the sample declined from 0.33 at baseline to 0.28 at visit 7 (Table 1) .
Partition models. Using the partition modeling framework, high-impact physical activity was associated with higher bone Z-scores across all four skeletal sites ( Table 2 ). For example, each additional hour of high-impact physical activity was associated with 0.05 higher TBLH-BMC Z-score (95% confidence interval (CI), 0.04-0.06; P = 2.0 Â 10 j22 ). The high-impact physical activity associations were directionally consistent among male and female participants, although the strength of the high-impact associations was stronger among male participants for the femoral neck aBMD and total hip aBMD Z-scores ( Table 2 ; sex P-interactions G 0.05). In contrast, low-impact physical activity was not associated with bone Z-scores (Table 2) , with the exception of a negative association with female femoral neck aBMD Z-score (beta = j0.02; 95% CI, j0.04 to j0.01; P = 0.009; sex P-interaction = 0.025). The same pattern of associations were observed for the partition models stratified by self-reported ancestry (see Table, Supplemental Digital Content 5, Associations by selfreported ancestry, http://links.lww.com/MSS/B141).
Isotemporal models. Using the isotemporal modeling framework, replacing low-for high-impact physical activity was associated with higher bone Z-scores across all four sites (Table 2 and Fig. 1 ). For example, replacing 1 hId j1 of low-for high-impact physical activity was associated with 0.06 higher TBLH-BMC Z-score (95% CI, 0.04-0.07; P = 2.9 Â 10 j15 ). Replacing high-for low-impact physical activity was associated with lower bone Z-scores across all four sites in a direct reciprocal manner (Table 2 and Fig. 1) . Therefore, for TBLH-BMC, this translates to an overall +0.12 Z-score difference for a 1-h low-for-high physical activity replacement and a j0.12 Z-score difference for a 1-h high-for-low physical activity replacement.
The low-for high-impact and high-for low-impact physical activity substitutions were directionally consistent and of similar strength for male and female participants ( Table 2; sex P-interaction 9 0.05). Similarly, there was no evidence of statistical interactions between low-for high-impact and highfor low-impact physical activity substitutions and self-reported ancestry (see Table, Supplemental Digital Content 5, Associations by self-reported ancestry, http://links.lww.com/MSS/B141), with the exception for a stronger substitution association FIGURE 1-Bone Z-score frequency distributions by weight-bearing physical activity composition. The dashed lines represent bone Z-scores for a population spending 1 hId j1 in total physical activity with equal time in high-and low-impact physical activity. The light gray distributions (shifted to the left) represent bone Z-scores for a population spending 1 hId j1 in low-impact physical activity and no time in high-impact physical activity. The dark gray distributions (shifted to the right) represent bone Z-scores for a population spending no time in low-impact physical activity and 1 hId j1 in high-impact physical activity.
observed for nonblack participants for femoral neck aBMD (see Table, Supplemental Digital Content 5, Associations by self-reported ancestry, http://links.lww.com/MSS/B141).
In contrast, the low-for high-impact and high-for lowimpact physical activity substitution associations with bone Z-scores were consistently modified by age (P-age interactions G 0.05). Specifically, significant associations were first observed between ages 8 and 11 yr (depending on the skeletal site) and increased in strength toward age 19 yr (Fig. 2) . In sex-stratified analyses, the age interactions remained statistically significant among male participants, but not female participants (see Figure We additionally tested for Tanner stage interactions. In this analysis, we observed that the low-for high-impact and high-for low-impact physical activity substitution associations with spine aBMD, femoral neck aBMD, and TBLH-BMC Z-scores were modified by biological age (P-Tanner interactions G 0.05). Specifically, the substitution associations were observed among prepubertal and postpubertal children (Fig. 3) . Finally, we observed no statistical evidence that the effect of replacing low-for high-impact or high-for low-impact physical activity on bone Z-scores differed by the overall genetic susceptibility score or by the WNT signaling-specific genetic scores, restricted to participants of European ancestry ( Fig. 4 ; genetic score P-interactions 9 0.05). This was also the case in sex-stratified analyses for male and female participants (see Figure, Supplemental Digital Content 9, High-and lowimpact physical activity substitution by genetic risk score tertiles for (A) males and (B) females, http://links.lww.com/ MSS/B145).
DISCUSSION
We investigated associations between high-and lowimpact physical activity in childhood and aBMD Z-scores at three skeletal sites and TBLH-BMC Z-scores. We applied standard (partition) and isotemporal substitution modeling frameworks. As previously reported, the standard models revealed that high-impact physical activity was associated with higher bone Z-scores and that low-impact physical activity was not associated with bone Z-scores. However, by accounting for time allocation, the isotemporal substitution models revealed the adverse effects of low-impact physical, in place of high-impact physical activity, on bone density outcomes. Importantly, we demonstrated that benefits of highimpact physical activity, in place of low-impact physical activity, were consistent for each sex and reported ancestry group, and for children genetically predisposed to bone fragility. These findings underscore the importance of accumulating at least 60 min of MVPA per day, of which a large proportion is dedicated to high-impact physical activity, to aid pediatric bone accretion.
The current physical activity guidelines for American youth state that children and adolescents should aim to accumulate at least 60 min of MVPA on most days of the week and perform muscle and bone strengthening activities as part of their daily physical activity on at least 3 dIwk j1 (11) . The guidelines were based on multiple observational and experimental studies, including studies showing the benefits of weight-bearing physical activity on pediatric bone density phenotypes (4, 6) . Not all studies agree that this threshold is optimal for pediatric bone health (30) , but our data generally support the guidelines. However, we suggest a refinement such that the proportion of MVPA dedicated to high-and low-impact activity may need to be directly recommended in the guideline to help optimize bone health. By using a self-reported physical activity measurement approach, the participants likely overestimated their hours per day of physical activity, making it challenging to quantify an exact refinement. In relative terms, the average proportion of total physical activity dedicated to high-impact physical activity was 45% in our sample; therefore, a refinement to recommend at least 50% of daily MVPA (i.e., 30 min daily) to be dedicated toward high-impact physical activity could be considered with respect to bone accretion in childhood. Replication of our findings in an independent sample is needed, including using raw accelerometry output, in gravitational units, to estimate time spent in high-and low-impact physical activity (7, (30) (31) (32) .
It is especially important to optimize bone accretion in early life among females, who are more likely than males to be diagnosed with osteoporosis in later life (1) . It is noteworthy that we did not observe evidence of statistical interactions between sex and physical activity with respect to the bone Z-score outcomes using the isotemporal substitution framework. It is also noteworthy that the proportion of total physical activity dedicated to high-impact activities was lower in female participants compared with the male participants in our study. Therefore, females are equally responsive to the bone-related benefits of high-impact physical activity in early life compared with males, but the lower FIGURE 3-High-and low-impact physical activity substitutions and associations with bone Z-scores by Tanner stage categories. The dark gray bars illustrate substitution associations for low-for high-impact physical activity. The light gray bars illustrate substitution associations for high-for low-impact physical activity. SE bars are included for the age-specific beta coefficients that are statistically significant (P G 0.05). All models adjusted for age, sex, Tanner stage, BMI Z-score, and dietary calcium. The sex-specific graphs can be viewed in Supplementary Figure 3 amount of high-impact physical activity in which they engage is a concern. Public health approaches that specifically target increases in high-impact physical activity among females may be beneficial for bone health.
In addition to testing for sex differences, we also tested if any of the physical activity substitution predictions with bone Z-scores were modified by population ancestry group. Overall, we did not observe extensive evidence of any such modification, with only a stronger substitution association observed for nonblack participants for femoral neck aBMD. In contrast, the benefits of replacing low-for-high and the detriments of replacing high-for-low physical activity were modified by chronological and biological age. Linear age interaction models first revealed associations from ages 8 to 11 yr (depending on the skeletal site) that gained in strength toward age 19 yr. This age modification persisted in males, but not females, in sex-stratified analyses (although the agespecific beta coefficients were stronger among older women for spine, total hip, and femoral neck aBMD). However, the Tanner stage interactions models revealed associations specifically among the prepubertal and postpubertal children.
Reviews and meta-analyses of pediatric randomized controlled trials on exercise and bone outcomes have led to a consensus that physical activity positively affects bone accretion specifically during the prepubertal years (4, 6) . This consensus is drawn from experimental studies, of which few were designed to test for puberty differences in exercise response. We reported consistent evidence of the benefits of high-impact physical activity on bone Z-score outcomes among prepubertal and postpubertal children as defined by chronological and biological age. However, our chronological and biological age interaction observations were inconsistent with respect to the peripubertal years. Overall, the beneficial effects of high-impact physical activity were observed in childhood and into early adulthood when a large proportion of bone is accrued before peak bone mass is achieved (33) . The lack of a statistical significant association in the peripubertal group could be due to bone gains in this particular period being driven by growth. That is, the benefits of high-impact physical activity are harder to detect when growth is the primary driver of bone accrual.
As with all complex diseases and traits, osteoporosis and aBMD are partly heritable (12) . We have shown that bone fragility loci discovered in adults operate in the pediatric setting (27, 34) . We have also shown using standard (partition) modeling that physical activity was beneficial for aBMD regardless of the overall genetic risk score for bone fragility (18) . However, in our previous study, we did observe borderline evidence of a physical activity interaction with a variant near a gene involved in WNT signaling (18) . This pathway has a number of roles in skeletal development, but its function within osteocytes seems primarily be to translate FIGURE 4-High-and low-impact physical activity substitutions associations with bone Z-scores by genetic risk score tertiles for both sexes combined. The dark gray bars illustrate substitution associations for low-for high-impact physical activity. The light gray bars illustrate substitution associations for high-for low-impact physical activity. No statistical evidence of any physical activity substitution by genetic score interactions (P-interactions 9 0.05). All models adjusted for age, sex, Tanner stage, BMI Z-score, and dietary calcium. The sex-specific graphs can be viewed in Supplementary Figure 4 mechanical loads into chemical signals for bone (re)modeling (14) . Therefore, WNT signaling-related variants that associate with aBMD could alter mechanosensitivity and thereby the musculoskeletal response to physical activity. In the present study, we extended on our previous work by using isotemporal substitution modeling and including WNT-specific genetic scores. In line with our previous observations, we draw a similar conclusion: high-impact physical activity is beneficial to the developing skeleton regardless of genetic susceptibility to bone fragility. This conclusion is based on current knowledge of the genetics of bone fragility and could be adapted as new genetic discoveries are made.
Our study has several limitations. We used an observational study design and did not experimentally test the physical activity substitutions. Our physical activity questionnaire allowed for estimation of high-and low-impact physical activity, but relied on participants' recall. It is possible that younger children have less ability to recall their physical activities, and this should be considered when interpreting the age-Tanner interaction results. Also, our physical activity measurement approach assumes that all participants complete an activity to the same ability. Again, age-related differences in motor skills, strength/lean mass, and aerobic capacity should be considered when interpreting the age-Tanner interaction results; older children are perhaps more able to optimally load their skeleton when engaging in high-impact physical activity. Furthermore, we asked participants to primarily recall time spent in activities that require at least moderate-intensity effort; we therefore do not know how replacing sedentary behavior to engage in low-impact physical could affect bone Z-scores, or if replacing high-impact physical activity to engage in sedentary behavior is more detrimental than replacing to engage in low-impact physical activity. We adjusted for BMI in our models, but we did not specifically adjust for lean mass. It would be warranted to test how low-and high-impact physical activities contribute to lean mass and if any gain in lean mass translates into an osteogenic effect (35) . Our genetic findings can only be generalized to US children of European descent, and although we had good cohort retention, not all participants remained in the study that further limits generalizability. Finally, DXA-estimated aBMD does not provide volumetric density or an estimate of trabecular and cortical bone density, or macrostructural and microstructural properties, and follow-up studies using other imaging methodologies are needed.
CONCLUSIONS
Isotemporal substitution modeling predictions confirmed the beneficial effects of high-impact physical activity on pediatric bone density, but highlighted that spending time in low-impact physical activities at the expense of high-impact physical activities may exert a detrimental effect on bone density. Importantly, recommending physical activity for bone health, especially highimpact physical activity, is applicable to children genetically predisposed to bone fragility, as defined by an overall genetic score and WNT signaling specific scores.
